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To visualize the electroslag remelting(ESR) process, a transparent experimental model was built. Thanks to the transparent model, it's convenient to record the evolution of the droplets at the tip of the consumable electrode with and without magnetic field clearly by the high-speed camera. The visualized process of formation and detachment of the droplet under different conditions are given. The results showed that there are some obvious differences can be found when an external transverse static magnetic field of 0.7 Tesla is superimposed comparing with no magnetic field. The neck of the droplet became stronger than that without magnetic field and then something seeming like an inflated secondary droplet appeared in the middle of the neck, but shortly afterwards, the secondary droplet and the liquid neck were smashed into a lot of smaller droplets. The separation of the numerous small droplets increases the interface of the metal and slag tremendously which means the removal efficiency of the inclusions can be improved. The mechanism how the transverse static magnetic field affects the evolution of the droplets was discussed.

Introduction

Nonmetallic inclusions remained in the alloy steel ingots or high-temperature alloy ingots will destroy the matrix's continuity, then will increase the risk of inducing micro cracks under stress, which will reduce the mechanical properties and service life of the products made by these ingots. ESR process is an efficient way to remove impurities and inclusions in the above ingots [1].

The area size of the interface between the metal and slag is an important factor to impact the purification efficiency during the ESR process. And the droplet evolution behavior at the end of the consumable electrode is one of the key points to influence the contact area of metal/slag. So it is necessary to research the droplet evolution behavior. To improve the droplet evolution, the process named of Magnetic Control ESR(MC-ESR) [2,3] was taken into account as shown in Fig. 1. Here, a transverse static magnetic field of 0.7 Tesla was adopted during the ESR process.

It is clear that the industry ESR process is operated under the bad working conditions with strong current and high temperature. So most researches of the ESR process were concentrated on physical simulations and numerical simulations. J. Campbell [4] using Pb, Zn, Al and Cu as the consumable electrodes and molten LiCl-KCl as the slag to simulate the ESR process. The droplet evolution pictures were given but very ambiguous. Ice(the comsumable electrode) and vegetable oil(the slag) were utilized by O. A. Troyanskyy [START_REF] Troyanskyy | Proceedings of the International Workshop on Metal-Slag Interaction[END_REF] to study the mechanism of droplet transfer. A. Kharicha et al. [START_REF] Kharicha | International Symposium on Liquid Metal Processing and Casting[END_REF] established a 3D magneto-hydrodynamic model to simulate the dripping process of droplets. They found that superimposing a transverse magnetic field can make the droplets become smaller, however the numerical model was under the condition with the DC current. Wang et al. [START_REF] Wang | [END_REF] developed a 3D mathematical Fig. 1: Schematic of magnetic controlled MC-ESR. model, and they found that the momentum and heat were brought to the metal pool by the droplets. In this paper, a transparent experimental model which is similar with J. Campbell's [4] was built to visualize the ESR process.

Experiment

The experiments were done using the transparent model apparatus as shown in Fig. 2. Quartz glass tube with internal diameter of 31 mm was used as the mold. Zinc bar with diameter of 15mm was selected as the consumable electrode. Molten ZnCl 2 was chosen as the molten slag for its fine transparency and electrical conductivity. To observe the droplet evolution process elaborately, a high-speed camera was utilized to record the whole process happening at the end of the consumable electrode with the record frequency of 200 frames per second.

Water cooling system of the bottom electrode was kept constant in each experiment, and the operational parameters were listed in Tab. 1. The depth of the molten slag was about 70 mm. The consumable electrode was immersed into the molten slag for about 10 mm. The feed rate of the consumable electrode was manual controlled to maintain the intensity of remelting current constant. The experiments were done with and without a transverse static magnetic field of 0.7 Tesla generated by an electromagnet.

Results and discussion

Fig. 3 shows the representative decomposed video on the descending process of the droplet without magnetic field. To demonstrate the droplet evolution process better, the time when the droplet detaches from the consumable electrode is set as T second and the time intervals of the continuous pictures are the same. From Fig. 3, it can be found that the droplet connects with the end of the consumable electrode by a slender neck, and then the neck becomes thinner and thinner until it is snapped under the action of the detaching force(electromagnetic pinch force and gravity). When the big droplet separates from the droplet neck, the slender neck quickly rises up to the tip of the consumable electrode and there is a small droplet form from the liquid neck under the action of the surface tension and gravity. In the meantime, the big detached droplet sinks quickly in molten slag with the shape of a saucer. Here the big droplet is called as 'main droplet' in that sometimes one or two small droplets may form and sink after the 'main droplet' and the small droplet is called as 'satellite droplet' for distinction.

Fig. 3: The droplet evolution process under the condition without the external magnetic field.

Fig. 4: The droplet evolution process under the condition with a transverse static magnetic field of 0.7 Tesla.

When a transverse static magnetic field of 0.7 Tesla were superimposed during the ESR process, the droplet evolution was changed a lot as shown in Fig. 4. Comparing with the situation without the external magnetic field, the liquid neck connecting with the consumable electrode and the main droplet becomes stronger and then something seeming like an inflated secondary droplet appeared in the middle of the neck, but soon after, the secondary droplet and the liquid neck were smashed into a lot of smaller droplets, and then the small satellite droplets sink slowly in the molten slag.

It is well known that the electromagnetic vibration(EMV) [2,[START_REF] Vivès | Tsukihashi[END_REF] can be generated by simultaneously superimposing an alternative current and a static magnetic field whose action direction is perpendicular to the former in the molten metal. The mechanism of the phenomenon described above under the condition with a transverse static magnetic field of 0.7 Tesla can be explained as following: The alternative remelting current shuttles along the consumable electrode and the molten slag in a vertical direction. When a transverse static magnetic field is superimposed during the ESR process, the EMV will be generated. During the ESR process, the alternative current will mainly flow through the droplet neck to minimize the electric resistance for the high electrical resistivity of the slag. So a tremendous EMV will be generated and act on the liquid droplet neck. The violent EMV can change the shape of the liquid droplet neck from a column into a flat strip. That's why the droplet neck under the condition with the magnetic field looks like stronger than that without the magnetic field.

As the forceful EMV and gravity act on the flat strip, the middle of the strip becomes thinner and the border begins to expand outward, so something like an inflated bulge appearing in the middle of the strip is not a secondary droplet actually. The periodic reverse force make the center area of the strip become so thin that a hole appears and quickly grows bigger. Then, the alternative current will focus on flowing through the frail margin area of the liquid strip, eventually the effect of the EMV becomes so huge that the whole liquid droplet neck is smashed into a lot of satellite droplets.

To verify the smashing effect of the EMV acting on the droplet neck was not an accidental phenomena, the zinc bar consumable electrode was replaced by the lead bar during the physical simulation experiments. The droplet evolution processes without and with a transverse static magnetic field of 0.7 Tesla are shown in Fig. 5 Apparently, the phenomenon of the liquid droplet neck being smashed into many smaller droplets indicates that the interface between the metal and the slag is increased largely. So the inclusions and impurities removal efficiency will be expected to be improved.

Conclusions

In this paper, physical simulations of the ESR process have been done with the aid of the transparent model apparatus. The visualized results showed that superimposing a transverse magnetic field will influence the ESR process remarkably. The mechanism how the transverse static magnetic field affects the evolution of the droplets was discussed. Main results obtained in this study are following: (1) The visualized process of formation and detachment of the droplet under different conditions are given; (2) Applying a transverse static magnetic field of 0.7 Tesla during ESR process, the liquid droplet neck can be smashed into a lot of smaller droplets; (3)The technique of the MC-ESR can increase the contact area of metal/slag enormously which indicates that the removal efficiency of nonmetallic inclusions can be improved significantly.

Fig. 2 :

 2 Fig. 2: Schematic of the transparent model apparatus.

  (a) and (b) respectively. It is clear that the liquid lead droplet neck is also smashed into lots of samll droplets under the power of the EMV as shown in Fig. 5(b), and which shows the universality of the smashing effect. (a) Without the external magnetic field. (b) With a transverse static magnetic field of 0.7 Tesla. Fig. 5: The droplet evolution process with the consumable electrode of lead bar.
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